Background: Excision repair cross-complementation group 1 (ERCC1) expression status has been identified as a candidate marker for predicting efficacy of oxaliplatin (OX) treatment for metastatic colorectal cancer (CRC) in several trials. Also, an association between expression of mismatch repair (MMR) genes and favourable postoperative survival in stage II CRC receiving 5-FU chemotherapy has been identified. It is unknown if the expression of ERCC1 protein and MMR status are associated with survival of stage III colon cancer receiving OX-based chemotherapy.
This has particular relevance because of the consequences that many patients who receive OX encounter a cumulative doserelated peripheral neuropathy that persists in a subset of patients and that can impact on the quality of life.
Oxaliplatin is a third-generation 1,2-diaminocyclohexane platinum analogue with demonstrated preclinical and clinical activity (Scheeff et al, 1999; Vaisman et al, 1999) . In vitro studies have shown that 1,2-diaminocyclohexane-containing platinum compounds belong to a distinct group of cytotoxic compounds with different mechanisms of action and resistance than cisplatin and carboplatin (Giacchetti et al, 2000; Sharp et al, 2002) . These adducts are recognised and repaired by the nucleotide excision repair pathway, which is a major cellular defence mechanism against the cytotoxic effects of platinum-based chemotherapeutic agent. Nucleotide excision repair pathway involves a number of genes, including excision repair cross-complementation group 1 (ERCC1). This protein forms a heterodimer with xeroderma pigmentosum group F to execute the incision into the DNA strand (Raymond et al, 2002; Goodisman et al, 2006; Gossage and Madhusudan, 2007; Rabik and Dolan, 2007; Martin et al, 2008) . Based on the results of The International Adjuvant Lung Cancer Trial Collaborative Group (IALT) trial (Arriagada et al, 2004) , ERCC1 is considered a possible predictive biomarker for cisplatin use in NSCLC. Its predictive value for OX is still unclear.
One of the genetic pathways involved in colorectal cancer (CRC) is deficient mismatch repairing (MMR). Mismatch repair defects are produced by germline mutations in any of the genes: MLH1, MSH2, MSH6 and PMS2. Another frequent microsatellite instability (MSI) mechanism is by hypermethylation of MLH1 promoter in MSI sporadic cases (Benatti et al, 2005; Bertagnolli et al, 2009; Tesniere et al, 2010; Sinicrope et al, 2011) . Stage II patients with MSI-H have a better prognosis and may actually be harmed by 5-FU treatment. However, the predictive impact of MMR status in patients with stage III colon cancer treated with adjuvant 5-FU-OX combination chemotherapy has rarely been explored (Zaanan et al, 2010 (Zaanan et al, , 2011 . Many studies have shown ERCC1 and MMR status have closely correlation with OX. But most studies were based on the combination of 5-FU and OX, other researches about the prediction of biomarkers on OX were carried in vitro (Lurje et al, 2007; Avraam et al, 2011) , and most trials were limited to advanced CRC (Shirota et al, 2001; Stoehlmacher et al, 2004; Viguier et al, 2005; Ruzzo et al, 2007; Balin-Gauthier et al, 2008) .
Because of the evolving standard, a prospective evaluation of the predictive effect of ERCC1 or MMR status on fluorouracil or OX-based chemotherapies is quite difficult. We took advantage of the practice patterns before 2003 and after to analyse the predictive effect of ERCC1 and MMR status on OX-based adjuvant chemotherapy.
MATERIALS AND METHODS
Patients. The ethic committee of Sun Yat-sen University Cancer Center approved this retrospective study. This retrospective study included 255 histologically confirmed stage III colon cancer patients with available tumour specimens who received curative surgical resection followed by adjuvant mFOLFOX6/XELOX/Mayo clinic chemotherapy from January 2000 to December 2008. For all patients, chemotherapy started at the Sun Yat-sen University Cancer Center within 8 weeks after surgery, where follow-up was further conducted. Patients whose treatment started before June 2003 received Mayo clinic regimen (n ¼ 95), whereas those treated after October 2003 were given mFOLFOX6 or XELOX chemotherapy (n ¼ 160). Exclusion criteria were age less than 18 years and older than 85 years, rectal cancer, and abdominopelvic radiotherapy, severe complication, changing regimen, multiprimary cancer, family history (first-degree and second-degree relatives had any kind of cancer), familial adenomatous polyposis.
The combined treatment group received mFOLFOX6/XELOX regimen treatment, the single-drug group used Mayo Clinic regimen. À 2 , i.v., 1-5 days, q4w Â 6). After surgery, tumour recurrence was detected by physical examination, serum carcinoembryonic antigen (CEA) assay, and abdominal and thoracic imaging every 3-6 months for 3 years, every 6 months for the following 2 years, then annually. The duration of follow-up was defined as the time between surgery and disease recurrence, death or last hospital contact (scheduled follow-up or telephone contact). The cutoff date for this analysis was March 2011. At the end of follow-up, 64 (40%) patients in the combined treatment group had relapse or metastasis, as compared with 45 (47.4%) in the single-drug group. In all, 54 (33.8%) patients in the combined treatment group had died, as compared with 45 (47.4%) in the single-drug group. The mean follow-up was 63 and 76 months for the combined and single-drug treatment groups, respectively (median 68 and 86 months, respectively).
IHC analysis. The paraffin tissue blocks were stored at room temperature. Blocks of formalin-fixed, paraffin-embedded adenocarcinoma tissue comprising an area of normal colonic mucosa adjacent to the tumour were selected in each case. Sections of 4 mm from the paraffin-embedded tissue samples were cut into silanetreated Super Frost slides and left to dry at 37 1C overnight. The slides were deparaffinised in xylene and rehydrated in pure ethanol. Endogenous peroxidase was blocked using 3% hydrogen peroxide in methanol for 30 min. Before immunostaining, antigen retrieval was done by immersing sections in citrate buffer (MMR: pH 8.0, ERCC1: PH 9.0). Sections were then incubated for 15 min at room temperature with antibodies to ERCC1 (dilution 1/100 clone 8 F1; Abcam, Beijing, China), MLH1 (dilution 1/100 clone G168-728; Pharmingen, Shanghai, China), MSH2 (dilution 1/100 clone FE11; Calbiochem, Shanghai, China). The intensity of immunostaining for ERCC1/MLH1/MSH2 was reviewed and scored according to the location of cytoplasmic with or without positive nucleus. The proportion of cells with ERCC1 expression was rated as follows (Olaussen et al, 2006) : 0 points, o5% positive tumour cells; 1 point, 5-25% positive cells; 2 points, 26-50% positive cells; 3 points, 51-75% positive cells; and 4 points, 475% positive cells, and the intensity of staining varied from weak to strong. The intensity was classified as a scale of 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellowish brown) and 3 (strong staining, brown). The specimens were attributed to two groups, according to their overall score: 0-1 point, ERCC1 negative; X2 points, ERCC1 positive.
The proportion of cells with MLH1 and MSH2 expression was rated as follows: 0 points, no positive tumour cells; 1 point, o10% positive tumour cells; 2 points, 11-50% positive cells; 3 points, 51-80% positive cells; and 4 points, 480% positive cells, and the intensity of staining varied from weak to strong. The intensity was classified as a scale of 0 (no staining), 1 (weak staining, light yellow), 2 (moderate staining, yellowish brown) and 3 (strong staining, brown). The specimens were attributed to two groups, according to their multiplication score: 0-1 point, MLH1/MSH2 negative; X2 points, MLH1/MSH2 positive. The score system was routinely used by the department of pathology in the Sun Yat-sen University Cancer Center for patients' diagnosis. The MSI phenotype was defined as the complete lack of MLH1 and MSH2 expression by IHC (Zaanan et al, 2010) . Whole tissue sections were read separately by two pathologists blinded to the patients' clinical characteristics. Discordant cases were reviewed by a supplementary pathologist to reach a consensus. Illustrative immunostainings were showed in Figure 1 .
Statistical analysis. Data were described as frequencies (percentages) or means and medians (range). Differences in distributions between the variables examined were assessed with the w 2 or the Fisher's exact test. The primary end point was DFS, defined as the time between the date of surgery and the first event (local or distant disease recurrence). Patients who were alive and relapse free at the last contact were censored at the last follow-up date. Overall survival was defined as the time elapsed from the date of surgery until tumour-induced death. Surviving patients were censored on the last follow-up date. Median follow-up and the 95% confidence interval (CI) were calculated using the reverse Kaplan-Meier method. Survival curve was estimated with the Kaplan-Meier method and compared using the log-rank test. The DFS and OS rate at 5 years was reported according to ERCC1 and MMR status with its 95% CI. Disease-free survival and OS curves of the groups of patients receiving Mayo Clinic or mFOLFOX6/XELOX were compared according to the tumour MSI phenotype and ERCC1 expression. A multivariate Cox model was constructed. Multivariate Cox analysis included all relevant clinical variables, whatever their univariate Cox P-value, namely, age, sex, differentiation grade, CEA level, ERCC1 expression, MMR status. Two-sided P-values of less than 0.05 were considered statistically significant.
RESULTS
The demographic characteristics of the 225 patients (144 males and 111 females) with stage III colon cancer were given in Table 1 . Their median age at diagnosis was 55 years (ranged 26-83 years), the 5-year DFS and OS were 59% and 65%, respectively.
Expression of ERCC1 and MMR status. In combined group, 72 cases (45%) had negative ERCC1 tumour and 88 cases (55%) had positive tumour, 43 cases (45.3%) had negative ERCC1 tumour and 52 cases (54.7%) had positive tumour in the single-drug group, with no difference between them (P ¼ 0.66).
In all, 27 cases (16.9%) with dMMR tumour and 133 cases (83.1%) showed proficient MMR (pMMR) status in the combined treatment group, 14 cases (14.8%) with dMMR tumour and Benefit of OX-based chemotherapy. The 5-year DFS of patients treated by mFOLFOX6/XELOX and Mayo Clinic regimen was 62% and 55%, respectively (HR: 7.1; 95% CI: 4.46-11.31; Po0.001). The 5-year OS rate between combined therapy and the single-drug group was 69% and 58%, respectively (HR: 7.4; 95% CI: 4.67-11.74; Po0.001), confirming that adding OX to a regimen of FL improves the adjuvant treatment of colon cancer.
Relationship between ERCC1 expression and survival. The 5-year DFS was significantly higher in combined therapy group with negative ERCC1 tumours (72%) than in the same group patients with positive ERCC1 tumours (54%, HR: 1.98; 95% CI: 1.19-3.31; P ¼ 0.009). The OS was also higher in combined therapy group with negative ERCC1 tumours (78%) than in the same group patients with positive ERCC1 tumours (60%, HR: 2.44; 95% CI: 1.37-4.34; P ¼ 0.02). The protein expression of ERCC1 showed no statistic significance of DFS or OS in fluorouracil group (DFS 57% vs 52%, HR: 1.16, 95% CI: 0.63-2.14, P ¼ 0.62; OS 59% vs 57%, HR: 1.16, 95% CI: 0.63-2.14, P ¼ 0.63). The survival plots of ERCC1 expression are shown in Figure 2 .
Relationship between MMR status and survival. The 5-year DFS had no difference in combined therapy group with dMMR tumours (73%) between in the same group patients with pMMR tumours (61%, HR: 1.68, 95% CI: 0.76-3.68, P ¼ 0.19). Overall survival also did not show difference between dMMR tumours (78%) and pMMR tumours in combined therapy group (67%, HR: Tables 2 and 3 .
DISCUSSION
Standard chemotherapy regimens are often developed based on data generated among large populations of patients with the tacit acknowledgement that some patients benefit and others do not. Such is the case with OX-based chemotherapy for stage III colon cancer patients. This means that a subset of patients will suffer long-term toxicity (neuropathy) from a treatment that may not have conferred a benefit otherwise. In an effort to determine whether there is a biomarker that could potentially be used to enrich the population of patients more likely to benefit from OX-based therapy, we applied the time difference of chemotherapy to analyse the predictive effect of ERCC1 and MMR status on OX-based chemotherapy. Overexpression of ERCC1 has been reported in cisplatinresistant cancer cell line (Arriagada et al, 2004) . Early clinical data suggested that high intratumoral level of ERCC1 mRNA was associated with insensitivity to OX-based therapy in CRC (Shirota et al, 2001) . Balin-Gauthier et al (2008) found there was an association between the low expression of ERCC1 gene and the increase of OX-DNA composition in HCT-8 cells, which were very sensitive to OX, but in HCT-116 cells, which were resistant to OX, did not find this change. The polymorphism at codon 118 changed a common codon usage (AAC) to an infrequent codon (AAT), both coding for asparagine. Interestingly, it has been proposed that this C4T substitution impaired ERCC1 translation. In an in vitro study, cells carrying the T allele showed a poor capacity to repair the adducts induced by cisplatinum. Viguier et al (2005) supported the pharmacogenetic role of the 118 C4T change and emphasised the results that point to the T allele as a marker of a better outcome in patients with CRC treated with OX-based schemes. However, Ruzzo et al (2007) and Stoehlmacher et al (2004) suggested that patients with a C/C genotype showed the most favourable survival in terms of the ERCC1-118 polymorphism. Thus, the relationship between ERCC1-118 polymorphism and clinical outcome of patients receiving OX-based chemotherapy for advanced CRC remains controversial. At present, the evaluation of ERCC1 has been largely limited to advanced patients. Shirota et al (2001) treated the unresectable CRC with FOLFOX regimen after the failure of FOLFIRI therapy and found that ERCC1 mRNA expression level was closely related to the sensitivity of the OX-based scheme (Po0.01). Lenz study found that the advanced CRC with high expression of ERCC1 should not accept OX-based chemotherapy (Grimminger et al, 2012) . This research also showed that ERCC1 was a good predictive marker for OX-based treatment used for stage III colon cancer patients, and there was no predictive value of ERCC1 for 5-FU treatment in this setting group.
Based on the result of many large clinical research (NCCTG GIVIO, ECOG, PETACC-3), NCCN guideline suggested: stage II colon cancer patients planning to accept fluorouracil adjuvant chemotherapy are strongly recommended to take MMR detection. Stage II patients with MSI-H tumour have better prognosis, but cannot benefit from 5-FU chemotherapy. PETACC-3 study found that the expression rate of MSI in stage II, III, ( ) CRC were 22%, 12% and 3.5%, respectively; the prognostic value of MMR was more important than the predictive value for 5-FU treatment; MMR showed predictive value for stage II CRC used 5-FU treatment. However, this phase III trial only compared biweekly infusional fluorouracil/leucovorin alone or with irinotecan in the adjuvant treatment of stage III colon cancer and did not evaluated the predictive value for OX (Van Cutsem et al, 2009) .
Clinical and preclinical studies strongly implicated the loss of MMR, in particular the loss of hMLH1, was in resistance to cisplatin (Brown et al, 1997; Watanabe et al, 2001 ). However, MMR deficiency did not affect the resistance to OX, which formed DNA-adducts that were not recognised by the MMR machinery (Raymond et al, 2002) . Nevertheless, the predictive impact of MMR status in patients with stage III colon cancer treated with adjuvant OX-based combination chemotherapy has rarely been explored. Zaanan et al (2011) enrolled 303 stage III colon cancer patients received FOLFOX chemotherapy, 34 cases with dMMR tumour (11.2%), compared with 269 cases with pMMR tumour (73.8%), 3-year DFS of dMMR showed great benefit (90.5% vs 73.8%, P ¼ 0.027). Another study done by Zaanan assigned 233 stage III colon cancer patients into two treatments (FL chemotherapy in 124 cases, FOLFOX chemotherapy in 109 cases), 3-year DFS showed no statistically difference of pMMR patients between these two groups (FL group: 73.6%, FOLFOX group: 80.3%, P ¼ 0.15). But there was DFS benefit of dMMR patients (FL group: 57.9%, FOLFOX group: 100%, P ¼ 0.01). However, this study involved too little patients with dMMR tumour and the results were not persuasive (FL groups: 20, FOLFOX groups: 12; Zaanan et al, 2010) . Our study showed MMR status had no relevant predictive value for OX or 5-FU used for stage III colon cancer patients and still had the same sample problem (mFOLFOX6/XELOX: 27 cases, Mayo Clinic: 14 cases) with the above-mentioned studies. There were many speculations for the result: DNA-adducts structure of OX cannot be recognised by the MMR machinery. As mentioned above, the portion of dMMR status in stage III was lower than in stage II colon cancer, which may weak the predictive value of MMR. At the same time, the number of cases was too little and cannot draw reliable results.
CONCLUSION
Our results indicate that ERCC1 status is highly predictive of which patients will benefit from the addition of OX to 5-FU for stage III colon cancer. Mismatch repair status has no predictive value in this setting. Although the IHC test of ERCC1 and MMR status should be considered with caution, our results may have implications for rational development of more effective, lower toxicity and individualised regimens for stage III colon cancer.
